Introduction
============

Lung cancer is the leading cause of cancer-related death worldwide.[@b1-ott-11-6741] According to the clinical outcome predicted by pathological stage, the 5-year survival rate of stage I cases without metastases ranges from 60% to 70%.[@b2-ott-11-6741] Obviously, there are about 30%--40% of patients with stage I lung cancer who are at risk for disease recurrence and metastasis. According to the National Comprehensive Cancer Network guidelines version 2.2018 for the treatment of non-small-cell lung cancer (NSCLC), patients with stage I cancer are not recommended to undergo postoperative chemotherapy. However, the survival rate of patients with early-stage NSCLC could be improved if postoperative adjuvant chemotherapy is applied.[@b3-ott-11-6741] Thus, it is clearly necessary to identify those stage I patients at risk of recurrence and give them timely postoperative treatment.

For the past several decades, researchers have been concentrating on identifying molecular prognostic biomarkers for patients with stage I lung cancer. In 1989, it was found that cytofluorometry could be used as a measuring tool for nuclear DNA contents for predicting prognosis in stage I adenocarcinoma.[@b4-ott-11-6741] Since then, molecules that are related to the prognosis of stage I lung cancer have been emerging endlessly. In 2007, Bianchi et al proposed the utilization of multiple markers (eg, a ten-gene predictive model) to forecast the prognosis of patients with stage I lung adenocarcinoma with an accuracy of approximately 75%.[@b5-ott-11-6741] Recently, cell cycle progression score (calculated by the average of 31 cell cycle genes normalized by the average of 15 housekeeping genes) identified by Takashi was used as an independent high-risk marker for predicting stage I lung cancer-specific mortality and quantitative risk assessment.[@b6-ott-11-6741] In addition, a number of molecular prognostic indicators have been reported in the literature.[@b7-ott-11-6741]--[@b9-ott-11-6741] These were examined to have association with the prognosis of stage I patients; however, only a few of them were utilized in subsequent studies.[@b3-ott-11-6741] Therefore, searching for potential prognostic biomarkers is necessary to gain insights into further therapeutic options for early-stage patients.

The Gene Expression Omnibus (GEO) database is an international repository that archives and freely distributes high-throughput gene expression data, and provides free access to download and analyze the data relevant to specific interests.[@b10-ott-11-6741] In this study, microarray gene expression profiles of patients with stage I lung adenocarcinoma were extracted from GEO database, and were analyzed for relationship between the expression level of genes and prognostic status. Totally, six candidate genes were identified to be associated with patients' prognosis. Among them, MTBP (MDM~2~ binding protein) was selected for further study. Based on evidence from the scientific literature, the function of MTBP in tumor cell proliferation and metastasis in different cancer types still remains controversial.[@b11-ott-11-6741]--[@b14-ott-11-6741] On the one hand, MTBP functions as an oncogene and promotes malignancy of breast cancer,[@b14-ott-11-6741] triple-negative breast cancer,[@b15-ott-11-6741] and squamous cell carcinoma of the head and neck (SCCHN).[@b16-ott-11-6741] On the other hand, MTBP functions as a suppressor gene and inhibits cell migration in human osteosarcoma cells[@b12-ott-11-6741] and hepatocellular carcinoma (HCC).[@b17-ott-11-6741] As for lung cancer, especially stage I lung adenocarcinoma, the function of MTBP has not been elucidated. Hence, in this study, we aimed to elucidate the function of MTBP in lung cancer, especially in the early stage of the disease. We examined MTBP expression in stage I lung adenocarcinoma by immunohistochemical staining and explored the relationship between MTBP expression and clinical characteristics. We utilized gene overexpression and shRNA approach to examine the role of MTBP in human NSCLC cell line.

Materials and methods
=====================

Mining GEO database
-------------------

A pipeline was established to obtain the prognostic biomarker for early-stage lung adenocarcinoma ([Figure 1A](#f1-ott-11-6741){ref-type="fig"}). The gene expression profile and related clinical pathological information of stage I lung adenocarcinoma in four gene series, including GSE50081, GSE30219, GSE37745, and GSE13213, were extracted from GEO (<https://www.ncbi.nlm.nih.gov/geo/>). To select the suitable cases for our analysis, the inclusion/exclusion criteria were: 1) stage I lung adenocarcinoma; 2) death; 3) with records of overall survival (OS) information. Among the four gene series, GSE50081, GSE30219, and GSE37745 were utilized to explore the prognostic genes, while GSE13213 was used to verify the reliability in terms of relationship between gene expression and prognostic outcome. Based on the average survival time of each dataset, the recruited patients were categorized into short-survival group and long-survival group. The original microarray signal files were input into Partek Genomics Suite software (Partek Inc., St Louis, MO, USA) for differentially expressed genes (DEGs) analysis between short-survival group and long-survival group by one-way ANOVA. The patients were then categorized into low-expression group and high-expression group on the basis of average gene expression level in each dataset, and Kaplan--Meier (K-M) survival analysis was performed to validate the prognostic value of each DEG.

Patients and samples
--------------------

In total, 99 patients with stage I lung adenocarcinoma who underwent radical lobectomy without any other treatment prior to surgery at Peking University Cancer Hospital between 2005 and 2012 were selected for this study. The histopathologic grade of lung cancer at the time of diagnosis was determined according to the eighth edition of the International Union Against Cancer TNM staging system.[@b2-ott-11-6741] Detailed information about the tumor is provided in [Table S1](#SD2-ott-11-6741){ref-type="supplementary-material"}. Tumor samples were fixed in 10% formaldehyde overnight at room temperature and embedded in paraffin. Paraffin-embedded tumors were cut into 4 µm thick sections.

Immunohistochemistry
--------------------

Sections were immersed in xylene to remove the paraffin, washed in a graded series of ethanol, and immersed in citrate buffer (pH 6.0) in a high-pressure sterilization oven for antigen retrieval for 3 minutes at 100°C. Endogenous peroxidase activity was blocked with 3% H~2~O~2~ in PBS for 10 minutes at room temperature, and then the sections were incubated with PBS containing 1% BSA for 60 minutes at room temperature to block nonspecific binding. Sections were incubated with anti-MTBP (1:400 dilution; Sigma-Aldrich Co., St Louis, MO, USA) or anti-ZEB2 antibody (1:500 dilution; Abcam, Cambridge, UK) for overnight at 4°C, followed by incubation with horseradish peroxidase (HRP)-conjugated goat anti-rabbit or anti-mouse IgG (ZSGB-BIO, Beijing, China) for 1 hour at room temperature. Then, the sections were visualized with 0.1% 3,3-diaminobenzidine (Sigma-Aldrich) for 2 minutes, and counterstained with 1% hematoxylin for 10 minutes at room temperature. According to the percentage of positive tumor cells, sections were classified into four groups (−, +, ++, and +++), with "−" indicating \<25%, "+" 25%--49%, "++" 50%--74%, and "+++" \>75%. Based on the gene expression, sections were defined as either low-expression group (− and +) or high-expression group (++ and +++).

Cell culture
------------

All cell lines, including A549, H1299, H1650, H1975, HCC827, and PC9, were purchased from the American Type Culture Collection (Manassas, VA, USA) or Chinese Academy of Medical Sciences & Peking Union Medical College (Beijing, China) and cultured in RPMI-1640 medium, with 10% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin in a humidified atmosphere of 5% CO~2~ at 37°C.

Plasmids, siRNAs, and lentiviruses
----------------------------------

MTBP overexpression plasmids, inserted into a plasmid pCMV6-Entry vector, were achieved from OriGene Technologies (Rockville, MD, USA). The siRNAs targeting MTBP were synthesized by Guangzhou RiboBio Co., Ltd. (Guangzhou, China). The lentiviruses containing shRNA for MTBP or scramble lentiviruses were purchased from Shanghai Genechem Company. These lentiviruses were directly mixed with cells at a 10:1 multiplicity-of-infection ratio, followed by selection with 1 µg/mL puromycin for 14 days.

Real-time qPCR
--------------

Total RNA was extracted from cells with TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. Then, 2 µg total RNA was reverse-transcribed to cDNA with the Reverse Transcription Kit (TransGen Biotech, Beijing, China; <http://www.transgen.com.cn>) as per manufacturer's instructions. Quantitative PCR (qPCR) was performed using SYBR Green I Master Mix (Invitrogen; Thermo Fisher Scientific, Inc.) on an ABI 7500 Fast Real-Time PCR System. The PCR primers used were as follows: MTBP forward, 5′-ACTGAGAATCAGCCGGACTT-3′ and reverse, 5′-CTGCACTGCAAAGAACCACT-3′; GAPDH forward, 5′-TGAAGGTCGGAGTCAACGG-3′ and reverse, 5′-CTGGAAGATGGTGATGGGATT-3′. Data were calculated based on 2^−ΔCt^ where ΔCt = Ct (Target) − Ct (Reference). Relative quantification of mRNA expression was performed using 2^−ΔΔCt^ method.

Protein extraction and Western blotting
---------------------------------------

Proteins were extracted with RIPA lysis buffer (CWBiotech, Beijing, China) on ice for 30 minutes. Protein quantity was determined using bicinchoninic acid kit purchased from Solarbio Science & Technology Co., Ltd. (Beijing, China). Equivalent amounts of proteins (30 µg) were separated by 10% SDS-PAGE and transferred to a polyvinylidene fluoride membrane (EMD Millipore, Billerica, MA, USA). Membranes were blocked with 5% nonfat milk in Tris-buffered saline containing 0.1% Tween 20 for 1 hour at room temperature and then incubated with the following specified antibodies for 1 hour at room temperature: anti-MTBP (1:2,000 dilution; Sigma-Aldrich), anti-ZEB2 (1:5,000 dilution; Abcam), anti-E-cadherin (1:5,000 dilution; Cell Signaling Technology, Danvers, MA, USA), anti-N-cadherin (1:5,000 dilution; Cell Signaling Technology), anti-β-catenin (1:5,000 dilution; Cell Signaling Technology), anti-Vimentin (1:5,000 dilution; Cell Signaling Technology), and anti-GAPDH (1:5,000 dilution; Cell Signaling Technology). The membranes were then incubated with HRP-conjugated goat anti-mouse or anti-rabbit IgG (ZSGB-BIO) for 1 hour at room temperature. Signals were visualized using an enhanced chemiluminescence reagent and captured using AI600 version 1.2.0 on Amersham Imager 600 (GE Healthcare, Chicago, IL, USA).

Transwell assay
---------------

For Transwell assay, 1×10^5^ cells in 250 µL of serum-free RPMI-1640 was added to the upper chamber of 8 µm Tran-swells (both gel-containing and gel-free; Costar Inc, Boston, MA, USA), and 750 µL of RPMI-1640 solution containing 10% serum was added to the lower chamber of Transwells. After 24 hours, cells on the Transwells were fixed with 4% paraformaldehyde and stained with 1% crystal violet staining solution (Solarbio Science & Technology Co., Ltd.). Migrated or invasive cells (coated with matrigel) were counted in five random microscopic fields.

Wound healing assay
-------------------

Cells were placed on a six-well plate for 12 hours at 80% confluency, and scratched with 200 µL tips. After removing the detached cells carefully with PBS, the wounded area was photographed at 0, 6, 24, and 48 hours (Leica, Wetzlar, Germany).

Cell viability assay
--------------------

Cells (1,000--5,000 cells/well) were placed on 96-well plates and cultured for 24, 48, 72, and 96 hours. Before measurement of the absorbance at 450 nm, each well was added with 10 µL Cell Counting Kit-8 solution and incubated for 2 hours. A Bio-Rad microplate reader was used to measure the absorbance at 450 nm.

Chick embryo chorioallantoic membrane (CAM) assay
-------------------------------------------------

Chick embryos were purchased from Merial Vital Laboratory Animal Technology Company (Beijing, China). The growth and metastatic characteristics of the cells were measured by a modified chick embryo CAM assay as previously described.[@b18-ott-11-6741] Briefly, 1×10^7^ cells tracked with Dil-CM (Invitrogen; Thermo Fisher Scientific, Inc.) were inoculated on the CAM of 10-day-old chick embryos. Seven days later, tumors were taken away from CAM for photographing and weighing. Embryonic lungs were also dissected, and the tumor metastases were photographed by a confocal laser scanning microscope (Leica).

Microarray analysis
-------------------

Human Exon 2.0 ST Array (Affymetrix Inc., Santa Clara, CA, USA) was used to analyze exon-level expression profiles in different cells. Total RNA extracted from each kind of cell sample was quantified by NanoDrop ND-2000 (Thermo Fisher Scientific, Inc.), and tested for completeness on Agilent Bioanalyzer 2100. Microarray hybridization, washout, and staining were performed according to Affymetrix standard protocol. Original picture was scanned by Affymetrix Scanner 3000 (Affymetrix 7G), and the original document data were processed by Expression Console (version 1.4.1; Affymetrix). Signal value of the original probe was screened and calculated by Robust Multiarray Average (RMA) to do background correction and standardization.

Statistical analysis
--------------------

*F*-test in one-way ANOVA was used to analyze DEGs between short-survival and long-survival groups by Partek Genomics Suite software. For continuous variable with Gaussian distribution, data were represented by mean ± SD, and independent samples *t*-test was utilized to analyze the difference between two groups. For the categorical variables, Pearson's chi-squared test was performed. Survival data were analyzed by K-M analysis, and *P*-values were calculated with log-rank test. Cox proportional hazard model was built in order to identify the potential risk factors associated with prognosis. Spearman's rank correlation analysis was used to investigate the association between MTBP and ZEB2 expression. All statistical tests were two tailed, and α=0.05 was used to define statistical significance (\**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001).

Results
=======

MTBP was identified as a prognostic gene of stage I lung adenocarcinoma by screening GEO database
-------------------------------------------------------------------------------------------------

A pipeline was established to obtain prognostic biomarkers to identify early-stage lung cancer patients with poor prognosis ([Figure 1A](#f1-ott-11-6741){ref-type="fig"}). Briefly, we downloaded the GSE30219, GSE37745, and GSE50081 datasets and then selected 42, 46, and 31 usable cases in the three datasets, respectively, who met our inclusion criteria. The corresponding average OS time was 56.45 months for GSE30219, 39.71 months for GSE37745, and 34.87 months for GSE50081. Based on the average OS time, recruited cases were then categorized into long-survival and short-survival groups according to the cutoff value of mean OS of each dataset. Then, we analyzed the DEGs in long-survival and short-survival groups of each dataset by *F*-test in one-way ANOVA using the Partek Genomics Suite software with the criteria of the fold change ratio of long-survival group to short-survival group (FC) \>2.0 and *P*\<0.05. In total, nine genes, identified as DEGs at least in two datasets, were selected as candidate genes, including MTBP, CR2, GNG4, ENTPD3, RPRM, SLC15A2, DPP10-AS1, HOXB9, and IVL ([Figure 1A](#f1-ott-11-6741){ref-type="fig"} and [Table S2](#SD3-ott-11-6741){ref-type="supplementary-material"}). Among the nine genes, DPP10-AS1, HOXB9, and IVL were excluded due to contradictory FC value in two datasets. Therefore, gene expression data of six candidate genes were extracted from each dataset, and patients were then classified into high-expression and low-expression groups based on the cutoff value of average mRNA expression levels of each gene for each dataset. Based on the survival information recorded in the GEO, K-M survival curves were drawn for each gene in each dataset. MTBP was the only gene which showed a statistical difference in K-M survival analysis in two of the three training datasets (log-rank test, *P*\<0.001 for GSE30219 and *P*=0.001 for GSE37745; [Figure 1B](#f1-ott-11-6741){ref-type="fig"}), while the other five candidate genes showed a statistical difference only in one of the three training datasets ([Figure S1A](#SD1-ott-11-6741){ref-type="supplementary-material"}). Hence, we selected MTBP for further study. To further confirm the significance of MTBP expression in the prognosis of OS, we performed K-M survival analysis in another validation GEO dataset, GSE13213. Consistent with our prediction, patients with high expression of MTBP showed shorter OS than those with low expression of MTBP by cutoff value of average MTBP expression levels (log-rank test, *P*=0.037; [Figure 1B](#f1-ott-11-6741){ref-type="fig"}, right panel), indicating that MTBP might be a poor prognostic indicator for early-stage patients. We also retrieved the data on expression level of MTBP in the non-tumoral lung tissues. As shown in [Figure 1C](#f1-ott-11-6741){ref-type="fig"}, MTBP expression in the stage I lung adenocarcinoma tissues was higher than that in the non-tumoral lung tissues (Mann--Whitney test, *P*=0.0069), indicating that MTBP might play an important role in the early stage of lung adenocarcinoma.

High expression of MTBP was detected in early-stage lung adenocarcinoma and predicted short OS in our cohort
------------------------------------------------------------------------------------------------------------

Furthermore, we detected the level of MTBP protein in 99 cases of our cohort with stage I lung adenocarcinoma by immunohistochemical (IHC) analysis ([Figure 1D](#f1-ott-11-6741){ref-type="fig"}). Based on the IHC results, patients were categorized into low-expression group (−/+) and high-expression group (++/+++). K-M survival analysis suggested that patients with high expression of MTBP showed shorter OS time than those with low-expression of MTBP (log-rank test, *P*=0.041; [Figure 1E](#f1-ott-11-6741){ref-type="fig"}).

Cox regression model suggested that tumor differentiation degree and MTBP expression level were independent factors of prognosis in stage I patients in both univariate and multivariate analyses (*P*\<0.05; [Table 1](#t1-ott-11-6741){ref-type="table"}). In Cox multivariate analysis, high level of MTBP expression was associated with poor survival (HR =2.493, 95% CI 1.273--4.880, *P*=0.048; [Table 1](#t1-ott-11-6741){ref-type="table"}), indicating that MTBP is an independent poor prognostic indicator of OS of stage I patients.

Knockdown of MTBP expression decreased cell migration and invasion in A549 and H1975 cells
------------------------------------------------------------------------------------------

To select the suitable lung adenocarcinoma cells to carry out the functional experiments, we first examined the expression of MTBP in the six lung adenocarcinoma cell lines by both Western blotting ([Figure 2A](#f2-ott-11-6741){ref-type="fig"}) and qPCR ([Figure S1B](#SD1-ott-11-6741){ref-type="supplementary-material"}). Our data suggested that the MTBP proteins were highly expressed in A549, H1299, H1650, and H1975 cells, whereas expression was low in HCC827 and PC9 cells ([Figure 2A](#f2-ott-11-6741){ref-type="fig"}). Hence, we selected A549 and H1975 cells featuring high MTBP expression to perform the MTBP RNA interference analysis, and HCC827 and PC9 cells featuring low MTBP expression to perform the MTBP overexpression analysis.

To select the effective target for MTBP RNA interference, we designed three siRNAs (siRNA1, siRNA2, and siRNA3), targeting 5′-CCATGTACCATTAGTAACA-3′, 5′-CGTCTTATTCGTTATGAAA-3′, and 5′-CCTGT AGTTTCGTCAGATC-3′ sequences of MTBP mRNA, respectively. Among the three siRNAs, siRNA1 inhibited MTBP expression significantly ([Figure 2B](#f2-ott-11-6741){ref-type="fig"}). Then, we constructed shRNA expression vectors according to siRNA1 target sequences. shRNA and scramble lentiviruses were produced using HEK293T cells following co-transfection with packaging plasmids, and then A549 and H1975 cells were infected followed by selection with 1 µg/mL puromycin for 14 days. We found that compared with scramble cells, the MTBP mRNA ([Figure 2C](#f2-ott-11-6741){ref-type="fig"}) and protein expression ([Figure 2D](#f2-ott-11-6741){ref-type="fig"}) were remarkably suppressed by shRNA in both A549 and H1975 cells, indicating the successful interference of MTBP expression in the two cell lines. The ability of migration and invasion of the cell lines A549 and H1975 after knockdown of MTBP was measured by Transwell assay ([Figure 2E](#f2-ott-11-6741){ref-type="fig"}), and our result showed that migration and invasion abilities were obviously decreased after inhibition of expression of MTBP (migration ability decreased by 78.89% and invasion ability by 54.48% in A549 cells, and migration ability decreased by 43.39% and invasion ability by 56.94% in H1975 cells; Student's *t*-test, *P*\<0.05; [Figure 2F](#f2-ott-11-6741){ref-type="fig"}). Wound healing assay also showed obvious decline in migration ability of cell lines A549 and H1975 after knockdown of MTBP at 6, 24, and 48 hours, compared with scramble cells at each observation point (Student's *t*-test, *P*\<0.05; [Figure 2G and H](#f2-ott-11-6741){ref-type="fig"}). However, there was no significant change in cell viability of A549 and H1975 cells after knockdown of MTBP (two-way ANOVA, *P*\>0.05; [Figure S1C](#SD1-ott-11-6741){ref-type="supplementary-material"}).

Knockdown of MTBP expression decreased tumor growth and metastasis in vivo
--------------------------------------------------------------------------

The above experiments indicated that inhibition of MTBP expression suppressed cell migration and invasion in vitro. Herein, we performed chick embryo CAM assay to detect the function of MTBP in vivo. After interference of MTBP expression by shRNA, the weights of tumor grown on CAM were significantly decreased in both A549 and H1975 cells compared with the scramble cells (decreased by 49.01% in A549 cells and by 46.81% in H1975 cells; Student's *t*-test, *P*\<0.05; [Figure 2I and J](#f2-ott-11-6741){ref-type="fig"}), and at the same time, the metastasis of cancer cells in the lungs of chicken embryos was also reduced in both A549 and H1975 cells (decreased by 41.52% in A549 cells and by 40.44% in H1975 cells; Student's *t*-test, *P*\<0.05; [Figure 2K and L](#f2-ott-11-6741){ref-type="fig"}). Taken together, knockdown of MTBP suppressed the migration and invasion of A549 and H1975 cells in vitro and in vivo.

MTBP overexpression promoted cell migration and invasion in HCC827 and PC9 cells
--------------------------------------------------------------------------------

To further confirm the above results, we overexpressed MTBP in HCC827 and PC9 cells with low MTBP expression. MTBP expression vectors or blank vectors were transfected into HCC827 and PC9 cells by Lipofectamine 2000 reagent according to the manufacturer's guidelines, followed by selection with 500 µg/mL G418 for 28 days. qPCR and Western blotting revealed a dramatic overexpression of MTBP in both HCC827 and PC9 cells (increased by 8.9-fold in HCC827 cells and 4.2-fold in PC9 cells; [Figure 3A and B](#f3-ott-11-6741){ref-type="fig"}). Consistent with the results obtained from MTBP interference analysis, the ability of migration and invasion of HCC827 and PC9 cells after overexpression of MTBP was significantly improved as shown by Transwell assay (migration increased by 1.56-fold and invasion by 2.74-fold in HCC827 cells, and migration increased by 2.2-fold and invasion by 2.74-fold in PC9 cells; Student's *t*-test, *P*\<0.05; [Figure 3C and D](#f3-ott-11-6741){ref-type="fig"}). Wound healing scratch assay also showed increased ability of migration in HCC827 and PC9 cells after MTBP overexpression (Student's *t*-test, *P*\<0.05; [Figure 3E and F](#f3-ott-11-6741){ref-type="fig"}).

MTBP overexpression promoted tumor growth and metastasis in vivo
----------------------------------------------------------------

Since MTBP overexpression promoted cell migration and invasion in vitro, we performed CAM assay to detect its role in vivo. The results from CAM assay showed increased tumor weights (average tumor weight increased by 2.28-fold in HCC827 cells and by 1.77-fold in PC9 cells; Student's *t*-test, *P*\<0.05; [Figure 3G and H](#f3-ott-11-6741){ref-type="fig"}) and tumor metastasis in the lungs of chicken embryos after inoculation of MTBP-overexpressing HCC827 and PC9 cells (lung metastasis increased by 1.74-fold in HCC827 cells and by 1.41-fold in PC9 cells; Student's *t*-test, *P*\<0.05; [Figure 3I and J](#f3-ott-11-6741){ref-type="fig"}). Collectively, overexpression of MTBP in HCC827 and PC9 cells promoted the migration and invasion in vitro and in vivo.

MTBP promoted tumor metastasis through ZEB2-mediated epithelial--mesenchymal transition (EMT)
---------------------------------------------------------------------------------------------

To determine the underlying mechanism of MTBP in promoting lung cancer cell metastasis, we performed transcriptomes analysis using Human Exon 2.0 ST Array. We selected those DEGs with the criteria of *P*\<0.05 and FC \>1.5. Venn diagram was used to intersect those consistent DEGs in different cells with knockdown or overexpression of MTBP ([Figure 4A](#f4-ott-11-6741){ref-type="fig"}), and a total of 80 genes (31 protein-coding genes, 21 microRNAs, 22 noncoding RNAs, and six pseudogenes) were discovered ([Table S3](#SD4-ott-11-6741){ref-type="supplementary-material"}). Among the 31 protein-coding genes, ZEB2, MMP13, SMAD4, and UBC were identified as tumor growth-related genes and ZEB2, DDIT4, and TNFSF18 as tumor metastasis-related genes by gene ontology analysis ([Figure 4A](#f4-ott-11-6741){ref-type="fig"}). To analyze the potential regulation of these genes by MTBP, we performed Spearman's rank correlation analysis between the expression of MTBP and the above six genes according to their expression level in the GEO datasets. As indicated in [Figure 4B](#f4-ott-11-6741){ref-type="fig"}, MTBP expression showed significant positive correlation with the expression of five genes, including ZEB2, TNFSF18, MMP13, SMAD4, and UBC, indicating the potential regulation of these five genes by MTBP. Furthermore, we performed functional protein interaction network analysis of the 30 protein-coding genes based on data from the STRING database, and a highly interconnected protein cluster as ZEB2-SMAD4-UBC ([Figure 4C](#f4-ott-11-6741){ref-type="fig"}) was identified, suggesting ZEB2 as a key regulator gene of MTBP.

We then demonstrated ZEB2 dynamics in the cells after alteration of MTBP expression. As it was expected, the ZEB2 expression was indeed decreased after knockdown of MTBP expression in H1975 cells, while expression increased after overexpression of MTBP in HCC827 and PC9 cells ([Figure 4D](#f4-ott-11-6741){ref-type="fig"}, upper panel). Considering that ZEB2 promoted tumor invasion and metastasis by driving EMT in cancer cells, we further analyzed the downstream EMT target molecules of ZEB2. As shown in [Figure 4D](#f4-ott-11-6741){ref-type="fig"}, followed by ZEB2 dynamics, ectopic overexpression of MTBP increased the expression levels of mesenchymal cell markers N-cadherin, Vimentin, and β-catenin, but decreased the expression of epithelial cell marker E-cadherin in both HCC827 and PC9 cells ([Figure 4D](#f4-ott-11-6741){ref-type="fig"}, left and middle panels). On the other hand, inhibition of MTBP by shRNA inhibited the expression of mesenchymal cell markers N-cadherin, Vimentin, and β-catenin, but promoted the expression of epithelial cell marker E-cadherin in H1975 cells ([Figure 4D](#f4-ott-11-6741){ref-type="fig"}, right panel).

To further confirm the relationship between MTBP and ZEB2 expression, we also detected ZEB2 expression in the same series of early-stage lung cancer tissues. As shown in [Figure 4E](#f4-ott-11-6741){ref-type="fig"} and [Table 2](#t2-ott-11-6741){ref-type="table"}, MTBP expression was significantly correlated with ZEB2 expression (Spearman correlation, *r*=0.367, *P*\<0.001), indicating that MTBP promoted the invasion and metastasis potentially by upregulation of ZEB2 in early-stage lung adenocarcinoma.

We then inhibited ZEB2 expression in PC9-MTBP cells ([Figure 4F](#f4-ott-11-6741){ref-type="fig"}) by siRNA, and observed the altered cell migration and invasion. As indicated in [Figure 4G and H](#f4-ott-11-6741){ref-type="fig"}, after interference of the ZEB2 expression, the migration and invasion were both suppressed in the PC9-MTBP cells, suggesting that ZEB2 upregulation mediated the downstream effects of MTBP and ZEB2 was at least partially responsible for the role of MTBP in promoting aggressive phenotype.

Discussion
==========

In 2000, MTBP was first identified by Boyd et al[@b19-ott-11-6741] through a yeast two-hybrid assay, and named as MDM2-binding protein. Then, the authors found that MTBP promoted proteasomal degradation of p53 by MDM2-mediated ubiquitination.[@b20-ott-11-6741] It was noteworthy that much controversy existed regarding the role of MTBP in different types of cancer. On the one hand, a number of reports supported the role of MTBP in suppressing tumor progression. By categorizing 198 specimen tissues of patients according to p53 and MDM2 staining, Boyd et al found that low MTBP expression was significantly associated with a reduced survival in SCCHN,[@b16-ott-11-6741] providing evidence that MTBP could suppress disease progression by p53 status-dependent function in delaying disease progression. Iwakuma et al[@b21-ott-11-6741] reported that MTBP was a metastasis suppressor in osteosarcoma cells. Agarwal et al[@b12-ott-11-6741] also provided evidence that MTBP suppressed metastasis in vivo and attenuated cell migration and filopodia formation through inhibiting ACTN4. On the other hand, several other reports suggested an oncogenic role for MTBP. According to the findings from Grieb et al,[@b15-ott-11-6741] an increase in gene transcription and amplification of MTBP resulted in a significantly decreased OS in patients with breast cancer, and inducible knockdown of MTBP expression significantly impaired tumor growth in triple-negative breast cancer cells. MTBP was also reported to be overexpressed in multiple cancer types, including cervical carcinoma, colorectal carcinoma, and gastric adenocar-cinoma.[@b14-ott-11-6741] It is still a controversy whether MTBP functions as a suppressor or a promoter of cancer progression even in the same kind of cancer. For example, Bi et al[@b17-ott-11-6741] reported the suppressive metastasis function of MTBP in HCC. In marked contrast, Lu et al[@b22-ott-11-6741] reported that MTBP promoted invasion and metastasis in HCC cells through the enhancement of MDM2-mediated degradation of E-cadherin. Considering the uncertainty about the role of MTBP in tumor metastasis, it is clearly necessary to define its function in stage I lung adenocarcinoma. In this study, we first showed that MTBP high expression was a poor prognostic biomarker for patients with stage I lung adenocarcinoma, and reported the promotion effect of MTBP on cell migration and invasion as an oncogene in lung cancer. However, the clinical significance of MTBP as a poor prognostic biomarker for early-stage lung cancer needs to be confirmed by a multicenter study with a large sample cohort.

In this study, either overexpression or inhibition of MTBP had no effect on cell viability in vitro. However, in vivo experiment suggested that MTBP served as a promoter of tumor growth. That might be because the microenvironment in vivo was more complicated than that of cell culture in vitro. There were more factors that can influence the tumor growth of xenograft, such as adhesion and pro-angiogenic factors, which were very different from cell culture in vitro.[@b23-ott-11-6741] Similar results were also reported by Ota et al that ADAM23 increased tumor growth in vivo, whereas it played no role in cell proliferation in lung cancer cells in vitro.[@b24-ott-11-6741] Moreover, the underlying mechanism through which MTBP affects the tumor growth in vivo is still undetermined. Thus, it is not surprising that there were inconsistencies between the in vivo results and the in vitro results.

In the big-data era, free data on the public databases provide a reliable way to search for key genes in a specific field. Here, we focused on the prognosis biomarkers of early-stage lung cancer. So, we mined the GEO database and identified MTBP, providing a new successful strategy for searching biomarkers. However, a prospective study is still needed to confirm whether MTBP could be regarded as a determinant factor in early-stage lung adenocarcinoma.

As for the mechanism of MTBP, it was reported that MTBP interacted with Treslin/TICRR as a binding factor to regulate cell cycle,[@b13-ott-11-6741] interacted with MDM2 followed by p53 pathway,[@b20-ott-11-6741] and interacted with MYC protein.[@b14-ott-11-6741] Therefore, MDM2 and c-MYC proteins were also detected in our samples of lung adenocarcinoma to explore the potential mechanism of MTBP. We found out that there was a significant correlation between MTBP and MDM2 expression as revealed by tumor tissue staining (data not shown) but there was no correlation between MTBP and c-MYC expression (data not shown), suggesting that MTBP might still interact with MDM2 to perform its function in lung cancer. However, in our microarray analysis, there was no significant difference in the expression of either MDM2 or p53 after alteration of MTBP expression in lung cancer cells. Therefore, further investigation is still needed to understand whether the effect of MTBP on tumorigenesis in lung adenocarcinoma is dependent upon MDM2 or not. In our microarray analysis, 80 genes were identified as DEGs after change in the expression of MTBP in lung cancer cells, which contained six new downstream genes (DDIT4, TNFSF18, ZEB2, MMP13, SMAD4, and UBC) of MTBP correlative with tumor metastasis or proliferation. In NSCLC, ZEB2 is involved in cancer migration and invasion as a mediator of many molecules in inducing EMT, such as transcription factor E2F1,[@b25-ott-11-6741] miR-154,[@b10-ott-11-6741] miR-218,[@b26-ott-11-6741] and miR-200c.[@b27-ott-11-6741] Here, we first confirmed ZEB2-mediated EMT as an important upregulation mechanism of MTBP which is involved in tumor migration and invasion in lung cancer. However, the exact mechanism by which MTBP affects the expression of ZEB2 is still unknown and worthy of further study. Whether the regulation of MTBP on ZEB2 is dependent upon known co-factors, such as Treslin/TICRR, MDM2, or MYC, needs to be confirmed by further experiments. It can still be considered that MTBP promotes the aggressive phenotype of NSCLC by other candidate downstream genes (DDIT4, TNFSF18, MMP13, SMAD4, and UBC) as indicated in our microarray analysis.

The objective of this study was to search for prognostic bio-markers to identify patients with stage I lung adenocarcinoma at risk of recurrence and give them timely treatment. By GEO database mining, we first extracted DEG profile of those early-stage patients with poor prognosis. Then, we identified MTBP as a prognostic indicator of stage I lung adenocarcinoma, and confirmed its promotion role in migration and invasion of lung cancer cells by forced expression and interference expression. Overall, our data suggested that upregulation of ZEB2-mediated EMT might be a partial underlying mechanism behind the promotion effect of MTBP on cell metastasis. Thus, this study provided an insight that MTBP is a poor prognostic indicator of early-stage lung cancer.
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###### 

(**A**) Survival curves of stage I adenocarcinoma patients divided into low-expression group vs high-expression group by each candidate gene (CR2, GNG4, RPRM, ENTPD3, SLC15A2) mRNA level in three training datasets (GSE30219, GSE37745, GSE50081).

**Notes:** Green boxes indicate the consistent results as predicted by Partek Genomics Suite software analysis. (**B**) The expression level of MTBP mRNA level was measured in lung adenocarcinoma cell lines by qPCR. Data represent the mean ± SD of results from three independent experiments. (**C**) Cell viability of A549 and H1975 cells transfected with MTBP shRNA lentiviruses and scramble lentiviruses was determined by CCK-8 assays (two-way ANOVA, *P*\>0.05).

**Abbreviations:** CCK-8, Cell Counting Kit-8; MTBP, MDM~2~ binding protein; OS, overall survival; qPCR, quantitative PCR.

###### 

Clinical characteristics of 99 cases with stage I lung adenocarcinoma

  Variables             N (%)
  --------------------- ------------
                        
  Gender                
   Male                 47 (47.5%)
   Female               52 (52.5%)
  Age                   
   ≤60                  44 (44.4%)
   \>60                 55 (55.6%)
  Location              
   Right                53 (53.5%)
   Left                 46 (46.5%)
  T stage               
   Ia                   44 (44.4%)
   Ib                   55 (55.6%)
  Differentiation       
   Low                  15 (15.2%)
   Median               60 (60.6%)
  High                  24 (24.2%)
  Pleural invasion      
   No                   55 (55.6%)
   Yes                  44 (44.4%)
  Vessel tumor emboli   
   No                   94 (94.9%)
   Yes                  5 (5.1%)
  Survival status       
   Live                 62 (62.6%)
   Death                37 (37.4%)

###### 

Average fold change (long-survival vs short-survival group) of nine candidates identified as prognosis-related genes by Partek Genomics Suite software

  Gene symbol      Fold change ratio of long-survival group to short-survival group (FC)   Indicator              
  ---------------- ----------------------------------------------------------------------- ----------- ---------- ----------------
                                                                                                                  
  MTBP                                                                                     −2.01141    −2.01143   Poor prognosis
  CR2              −2.18832                                                                            −2.18832   Poor prognosis
  GNG4                                                                                     −2.71387    −3.33004   Poor prognosis
  ENTPD3           2.52564                                                                 2.00689                Poor prognosis
  RPRM             2.09282                                                                             2.66995    Poor prognosis
  SLC15A2          3.2365                                                                              2.01018    Poor prognosis
  \<g\>DPP10-AS1   3.09519                                                                             −2.52157   
  \<g\>HOXB9       −2.16776                                                                            2.81518    
  \<g\>IVL         4.11189                                                                             −4.17245   

**Note:** Gray shading indicates three genes with contradictory FC value in two datasets.

**Abbreviations:** FC, fold change ratio of long-survival group to short-survival group; MTBP, MDM~2~ binding protein.

###### 

Eighty candidate downstream genes of MTBP identified by Venn diagram analysis of consistent DEGs in different cells with knockdown or overexpression of MTBP cells

  Protein coding   microRNA    Noncoding RNA   Pseudogene
  ---------------- ----------- --------------- ------------
                                               
  ZNF480           MIR579      LINC01166       RPL23AP64
  ZNF443           MIR548T     OLMALINC        ZSCAN5CP
  ZNF430           MIR548K     FAM182A         TMEM14EP
  ZEB2             MIR548J     DIP2A-IT1       LPAL2
  ZCWPW2           MIR548A2    AGAP1-IT1       INGX
  WDR7             MIR520F     SNORD90         LOC441455
  UBC              MIR520E     SNORD20         
  TRIM64B          MIR513A1    SNORD116-11     
  TRBV7-4          MIR505      SNORD111        
  TRAV8-3          MIR4802     LOC105377384    
  TNFSF18          MIR4679-2   LOC105377276    
  TMEM241          MIR4655     LOC105374838    
  SPANXC           MIR4451     LOC105372571    
  SMR3A            MIR4261     LOC105369595    
  SMIM22           MIR3908     LOC105369301    
  SMAD4            MIR328      LOC102723757    
  SHFM1            MIR3147     LOC105377692    
  SERPINB4         MIR188      LOC105377528    
  OR8J3            MIR1321     LOC105371142    
  PHGDH            MIR1263     LOC101926955    
  RASA4B           MIR107      LOC100133032    
  OR1S1                        LOC100127974    
  MTBP                                         
  MMP-13                                       
  KRTAP4-12                                    
  IGLV3-12                                     
  IGHG1                                        
  GBP3                                         
  DDIT4                                        
  C1QTNF9                                      

**Abbreviations:** DEGs, differentially expressed genes; MTBP, MDM2 binding protein.
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![MTBP is identified as a poor prognostic biomarker of stage I lung adenocarcinoma.\
**Notes:** (**A**) Flowchart of the derivation and validation of genes associated with prognosis of stage I lung adenocarcinoma. (**B**) Survival curves of stage I adenocarcinoma patients with low expression vs high expression of MTBP mRNA generated based on data from three training datasets (GSE30219, GSE37745, GSE50081) and a validation dataset (GSE13213). (**C**) Scatter diagram representing the MTBP mRNA expression in stage I lung adenocarcinoma tissues and normal adjacent tissues. (**D**) Representative MTBP protein expression levels in early-stage lung adenocarcinoma tissues determined by immunohistochemical staining. (**E**) Kaplan--Meier survival plots for analysis of the level of MTBP expression in low-expression (−/+) and high-expression groups (++/+++) for evaluating the prognosis of early-stage lung adenocarcinoma patients.\
**Abbreviations:** DEGs, differentially expressed genes; FC, fold change ratio of long-survival group to short-survival group; K-M, Kaplan--Meier; MTBP, MDM~2~ binding protein; OS, overall survival.](ott-11-6741Fig1){#f1-ott-11-6741}

###### 

Inhibition of MTBP decreases invasion and migration ability of lung adenocarcinoma cells both in vitro and in vivo.

**Notes:** (**A**) The expression level of MTBP protein measured in lung adenocarcinoma cell lines by Western blot. (**B**) siRNA1 inhibition of the MTBP expression in A549 cell line. (**C** and **D**) The expression level of MTBP mRNA and protein after shRNA lentiviruses treatment of A549 and H1975 cells analyzed by qPCR and Western blot. (**E**) Representative images of Transwell migration assays (top panel) and Transwell invasion assays (bottom panel) in A549 and H1975 cells. (**F**) Average number of migrated or invasive cell numbers per field of view ± SD from three independent experiments. (**G**) Representative images of cell migration analyzed by wound healing assay in A549 and H1975 cells. Bar: 100 µm. (**H**) Migratory distance of cells that migrated into the scratch wound at 6, 24, and 48 hours, calculated by the formula: Migration distance (µm)= width at 0 hour -- width at observation point. (**I** and **J**) Representative image of tumors obtained from CAM inoculated with A549 and H1975 cells and tumor weights. (**K** and **L**) Representative images of metastatic cells in the lungs of chicken embryos and the number of metastatic cells in the lungs of chicken embryos observed with a confocal laser scanning microscope. Data in (**C**, **F** and **H**) are the mean ± SD of results from three independent experiments. Data in (**J** and **L**) are the mean ± SD of results for each group (Student's *t*-test, \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001).

**Abbreviations:** CAM, chorioallantoic membrane; MTBP, MDM~2~ binding protein; NC, normal control; qPCR, quantitative PCR; WT, wild type.

![](ott-11-6741Fig2)
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###### 

Overexpression of MTBP promotes lung adenocarcinoma cells invasion and migration both in vitro and in vivo.

**Notes:** (**A** and **B**) The expression level of MTBP mRNA and protein was measured following the treatment of HCC827 and PC9 cells with MTBP overexpression plasmids by qPCR and Western blot. (**C**) Representative images of Transwell migration assays (top panel) and Transwell invasion assays (bottom panel) in HCC827 and PC9 cells. Bar: 100 µm. (**D**) Average number of migrated or invasive cells per field of view from three independent experiments. (**E**) Representative images of cell migration analyzed by wound healing assay in HCC827 and PC9 cells. (**F**) Migratory distance of cells that migrated into the scratch wound at 6, 24, and 48 hours. (**G** and **H**) Representative image of tumors from CAM inoculated with HCC827 and PC9 cells and tumor weights. (**I** and **J**) Representative images of metastatic cells in the lungs of chicken embryos and the number of metastatic cells in the lungs of chicken embryos observed with a confocal laser scanning microscope. Data in (**A**, **D** and **F**) are the mean ± SD of results from three independent experiments. Data in (**H** and **J**) are the mean ± SD of results for each group. Student's *t*-test, \**P*\<0.05, \*\**P*\<0.01, and \*\*\**P*\<0.001.

**Abbreviations:** CAM, chorioallantoic membrane; MTBP, MDM~2~ binding protein; NC, normal control; qPCR, quantitative PCR.

![](ott-11-6741Fig3)
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![The downstream regulation genes of MTBP.\
**Notes:** (**A**) Flowchart indicates Venn diagrams of DEGs (*P*-adjusted \<0.05 and fold change \>1.5) among each pair (up-genes: upregulated genes; down-genes: downregulated genes) (**B**) Pearson correlation between MTBP mRNA expression and cell growth or migration-related genes (ZEB2, SMAD4, UBC, MMP13, DDIT4, and TNFSF18) mRNA expression in stage I lung adenocarcinoma. (**C**) Functional protein interaction network analysis based on the STRING database. (**D**) The expression of ZEB2 and EMT markers in different cells was measured by Western blot. The value under each protein indicates the gray ratio to GAPDH for semiquantitative analysis by ImageJ software. (**E**) ZEB2 expression levels in the same series of early-stage lung cancer tissues were determined by immunohistochemistry. Bar: 200 µm. (**F**) The expression level of ZEB2 was detected by Western blot. (**G**) Representative images of Transwell migration assays (top panel) and Transwell invasion assays (bottom panel) in NC or siRNA-transfected PC9-MTBP cells. Bar: 100 µm. (**H**) Average number of migrated or invasive cells per field of view from three independent experiments. \**P*\<0.05.\
**Abbreviations:** DEGs, differentially expressed genes; EMT, epithelial--mesenchymal transition; MTBP, MDM~2~ binding protein; NC, normal control; OE, overexpression.](ott-11-6741Fig4){#f4-ott-11-6741}

###### 

Cox univariate and multivariate analyses of the survival predictors of stage I lung adenocarcinoma

  Variable                               OS                     
  -------------------------------------- ---------------------- ---------------------------------------------------
                                                                
  **Univariate analysis**                                       
  Gender (male vs female)                1.851 (0.960--3.569)   0.066
  Age (≤60 vs \>60 years)                1.345 (0.705--2.564)   0.368
  Location (right vs left)               1.546 (0.795--3.007)   0.199
  TNM stage (Ia vs Ib)                   0.501 (0.252--0.999)   0.050
  Differentiation (low vs median/high)   3.586 (1.763--7.292)   0.000[\*](#tfn1-ott-11-6741){ref-type="table-fn"}
  Pleural invasion (no vs yes)           0.603 (0.316--1.152)   0.126
  Vessel tumor emboli (no vs yes)        0.762 (0.183--3.168)   0.708
  MTBP expression (high vs low)          1.934 (1.013--3.704)   0.046[\*](#tfn1-ott-11-6741){ref-type="table-fn"}
  **Multivariate analysis**                                     
  Gender (male vs female)                1.719 (0.855--3.458)   0.129
  TNM stage (Ia vs Ib)                   0.531 (0.264--1.069)   0.076
  Differentiation (low vs median/high)   2.874 (1.369--6.030)   0.005[\*](#tfn1-ott-11-6741){ref-type="table-fn"}
  MTBP expression (high vs low)          2.493 (1.273--4.880)   0.048[\*](#tfn1-ott-11-6741){ref-type="table-fn"}

**Notes:**

*P*\<0.05.

**Abbreviations:** MTBP, MDM~2~ binding protein; OS, overall survival.

###### 

Spearman's rank correlation analysis between MTBP and ZEB2 expression (r=0.367)

          MTBP         Total        *P*-value    
  ------- ------------ ------------ ------------ -------
                                                 
  ZEB2                                           
   Low    61 (61.6%)   24 (24.2%)   85 (85.9%)   0.000
   High   3 (3.0%)     11 (11.1%)   14 (14.1%)   
  Total   64           35           99           

**Abbreviation:** MTBP, MDM~2~ binding protein.
